Metalloporphyrin, heme oxygenase (HO) inhibitors have made an important contribution to elucidating the role of HO in physiological processes. Nevertheless, their off-target effects have drawn substantial criticism, which prompted us to develop non-porphyrin, azole-based inhibitors of HO. These second-generation HO inhibitors were evaluated using spleen and brain microsomes from rats as native sources of HO-1 and HO-2, respectively. Recently, the use of azole-based inhibitors of HO has been extended to other mammalian species and, as a consequence, it will be important to characterize the inhibitors in these species. The goal of this study was to compare the inhibitory profile of imidazole-and benzimidazole-based inhibitors of HO in a breast cancer-implanted mouse to that of an untreated rat. For spleen and brain microsomes from both species, HO protein expression was determined by western blotting and concentration-response curves for imidazole-and benzimidazole-derivative inhibition of HO activity were determined using a headspace gas-chromatographic assay. It was found that the effects on HO activity by imidazole and benzimidazole derivatives were different between the two species and were not explained by differences in HO expression. Thus, the HO inhibitory profile should be determined for azole derivatives before they are used in mammalian species other than rats.
Introduction
Heme oxygenase (HO; EC 1.14.14.18) activity is attributed to two genetically distinct isozymes, namely, HO-1 and HO-2 (Maines 1988). Both isozymes catabolize heme through a reaction that yields equimolar amounts of carbon monoxide (CO), ferrous iron and biliverdin, which is subsequently converted to bilirubin (Ryter et al. 2006) . HO degradation of heme is the major endogenous source of CO (Maines 1988) , which is recognized as a cellular signaling molecule with anti-inflammatory, anti-proliferative, anti-apoptotic and anti-coagulant properties (Wu and Wang 2005; Ryter et al. 2006 ).
Metalloporphyrin inhibitors of HO have made an important contribution to our current
knowledge of the role of HO in physiological processes (Kinobe et al. 2008; Schulz et al. 2012 ).
Nevertheless, various off-target effects of metalloporphyrins, including inhibition of nitric oxide synthase and soluble guanylyl cyclase, and induction of HO-1 (Grundemar and Ny 1997; Kinobe D r a f t al. 2010) . Another research group has subsequently synthesized additional azole derivatives as HO inhibitors (Sorrenti et al. 2012; Pittalà et al. 2013; Salerno et al. 2013; Salerno et al. 2015) .
These second-generation azole-based HO inhibitors were designed and characterized using spleen and brain microsomes from rats, as native sources of HO-1 and HO-2, respectively (Kinobe et al. 2006 ). Subsequently, selected imidazole derivatives have been used as research tools to study the physiological roles of HO in other mammalian species (Kinobe et al. 2007; Di Francesco et al. 2009; Csongradi et al. 2010; Csongradi et al. 2012 ) and tested as therapeutics in mouse and human cancer cell lines (Alaoui-Jamali et al. 2009; Salerno et al. 2013; Salerno et al. 2015) . Interpretation of these data were made on the assumption that the azole-based HO inhibitors affected the HO isozymes of other mammals similarly to that of the rat.
The present study addresses this assumption by comparing the effects of selected imidazole and benzimidazole derivatives on the inhibition of HO activity in spleen and brain microsomes from a breast cancer-implanted mouse to those of an untreated rat. Chromium mesoporphyrin (CrMP) was included for comparison to a first-generation metalloporphyrin HO inhibitor. Based on the similarity of the amino acid sequence and the highly conserved catalytic core of HO proteins from rat and mouse (Rotenburg and Maines 1991; Matsumoto et al. 1996; Maines 1997) , it was hypothesized that enzymatic activity of HO in spleen and brain microsomes from these two species would be similarly affected by azole-based inhibitors of HO.
D r a f t

Materials and Methods
Drugs and Solutions. The following compounds, QC-220, (1-(adamantan-1-yl)-2-(1H-imidazol-1-yl)ethane hydrochloride) (see description of synthesis below); QC-282, (1-[4-(benzyl)phenyl]-2-(1H-imidazol-1-yl)ethanone hydrochloride) (Roman et al. 2010b, compound 38) ; QC-291, (1-{[2-(naphthalen-2-yl)-1,3-dioxolan-2-yl]methyl}-1H-imidazole hydrochloride) (Roman et al., 2010b compound 80) ; QC-2350, (1-(2-phenylethyl)-2-(pyrrolidin-1-ylmethyl)-1H-benzimidazole dihydrochloride) (Vlahakis et al. 2013, compound 30) ; and QC-2356, (1-(3-nitrobenzyl)-2-(pyrrolidin-1-ylmethyl)-1H-benzimidazole dihydrochloride) (Vlahakis et al. 2013, compound 17) were synthesized and characterized by elemental analysis, mass spectrometry and nuclear magnetic resonance spectroscopy. See Fig. 1 (Montreal, Canada). This strain of male rats was the same as that used during the development of our second-generation HO inhibitors. Female nude mice were selected because they are widely used in research on cancer, which was one of the earliest targets suggested for the application of HO inhibitors. The mouse spleen and brain tissues used in this study were harvested from salinetreated control mice that were part of a previously conducted animal study, in which the mice had mouse breast carcinoma (AC2M2) cells (7.5×10 3 ) surgically implanted into a mammary fat pad as described previously (Elliott et al. 1992) . At the end of the experiment, mice were euthanized by isoflurane inhalation followed by cervical dislocation, after which the spleen and brain were harvested, flash frozen in liquid nitrogen and stored at -80°C. Rats and mice were maintained on a 12 h light:12 h dark cycle with lights on at 7:00 am and were given ad libitum access to water and LabDiet Laboratory Rodent Diet #5001or LabDiet Autoclavable Mouse
Breeder Diet #5021, respectively (Ren's Feed and Supply, Oakville, Canada). All animals were cared for in accordance with the principles and guidelines of the Canadian Council on Animal
Care and all experimental protocols were approved by the Queen's University Animal Care
Committee.
Preparation of Tissue Microsomes. Microsomal fractions of spleen and brain tissue
harvested from rat and mouse were prepared using differential centrifugation of tissue homogenate, as previously described (Appleton et al. 1999; Kinobe et al. 2006) . Briefly, on the day of microsomal preparation, rats were euthanized by isoflurane inhalation followed by D r a f t 8 decapitation, after which the spleen and brain were harvested. Mouse spleen and brain tissues were harvested as described above and stored at -80°C until they were used. Tissues were homogenized (15% w/v) in ice-cold homogenizing buffer (20 mM KH 2 PO 4 , 135 mM KCl and 0.1 mM EDTA; adjusted to pH 7.4 at 4°C with 1 M KOH) using a 60S Sonic Dismembrator (Fisher Scientific, Ottawa, Canada). The homogenate was centrifuged at 10,000 x g for 20 min
at 4°C, after which the supernatant was collected and centrifuged at 100,000 x g for 60 min at 4°C. The resulting microsomal pellet was resuspended in phosphate-glycerol buffer (100 mM KH 2 PO 4 adjusted to pH 7.4 with 1 M KOH, 20% glycerol and 10 mM EDTA) using a PotterElvehjem homogenizer with a Teflon pestle. Microsomes were aliquoted and stored at -80°C until used. Protein concentration was determined using a modification of the Biuret method, as previously described (Marks et al. 1997) .
HO Activity Assay. NADPH-dependent CO formation as an index of HO activity in spleen and brain microsomal fractions was determined by quantifying CO production from the degradation of methemalbumin using gas chromatography, as described previously (Vreman and Stevenson 1988; Cook et al. 1995; Kinobe et al. 2006; Vlahakis et al. 2006) . Briefly, reaction mixtures (150 µL) consisting of 100 mM phosphate buffer (pH 7.4), 50 µM methemalbumin and spleen microsomes (0.5 mg/mL protein) or brain microsomes (1.0 mg/ml protein) were preincubated in sealed 1.5-mL amber vials, with a QC compound or CrMP at final concentrations ranging from 0.01 to 100 µM, or with vehicle (water for QC compounds or 0.5%
(v/v) ethanolamine for CrMP), for 10 min at 37°C. During this time, headspace of the sealed vials was purged with CO-free air. Reactions were initiated by adding 1 mM NADPH and incubations were carried out for 15 min (rat tissue microsomes) or 20 min (mouse tissue D r a f t 9 microsomes) at 37°C. Reactions were terminated by instantly freezing the samples on powdered dry ice and CO formation was measured by gas chromatography using a ta3000R Process Gas Analyzer (Trace Analytical/Ametek, Newark, USA). NADPH-dependent formation of CO in each sample was calculated by subtracting the value for CO produced in samples not containing NADPH and then interpolating the corrected peak area value on the linear CO standard curve (10 -164 pmol of CO). The activity of HO following incubation with each concentration of QC compound or CrMP was expressed as a percentage of total HO activity that was determined from the analysis of vehicle samples.
Quantification of Protein Expression. Brain and spleen microsomes from rat and mouse were diluted using radioimmunoprecipitation assay buffer (0.15 M NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and 0.05% Tris base, adjusted to pH 8.0; with addition of 0.1% protease inhibitor cocktail on day of experiment). Expression of HO-1 and HO-2 protein in rat and mouse tissues was determined using a modification of the method previously described by Kinobe et al. (2006) . Specifically, microsome samples (10 µg protein)
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a 10% D r a f t Mississauga, Canada). Peroxidase activity was detected using an enhanced chemiluminescence detection kit according to the manufacturer's instructions (LumiGlo; Mandel Scientific Company Inc., Guelph, Canada). All gels were calibrated with pre-stained low-range molecular weight markers (Bio-Rad Laboratories Ltd., Mississauga, Canada). Relative HO-1 expression was quantified by optical densitometry using the ImageJ program (National Institutes of Health, Bethesda, USA). The anti-HO-1 antibody was removed from membranes using stripping buffer (25 mM glycine and 1% SDS, adjusted to pH 2.0), blocked as described above, and probed with a 1:5,000 dilution of the polyclonal anti-HO-2 antibody, as described for anti-HO-1. Relative HO-2 expression was quantified by optical densitometry as described above for HO-1. To ensure uniform protein loading on all gels, membranes were reprobed with monoclonal anti-β-actin antibody and densitometry units for HO-1 and HO-2 expression were normalized to β-actin protein expression. and Mouse. The predominant HO isozyme in spleen microsomes from both rat and mouse was HO-1 (Fig. 2) , with a 13-fold and 5-fold greater amount of HO-1 compared to HO-2, respectively. In brain microsomes from rat, the amount of HO-2 protein expressed was 3-fold greater than HO-1 protein, while there was no apparent difference in the protein expression of HO-1 and HO-2 in mouse brain (Fig. 2) .
Inhibitory Profile for Non-Selective Inhibitors of HO Isozymes Was Comparable Between Rat and Mouse Microsomes for CrMP, but Not for QC-282. The metalloporphyrin
CrMP, a non-selective inhibitor of HO isozymes, inhibited HO activity in spleen and brain microsomes from rat and mouse similarly over a 0.01 to 100 µM concentration range. The one exception was that minimum residual enzyme activity (EA res ) for mouse brain microsomes was statistically (p < 0.05) greater than that for rat brain microsomes (Fig. 3A) . In contrast, the characterization of the imidazole derivative QC-282 as a non-selective inhibitor of HO isozymes, based on a similar IC 50 between rat spleen and brain microsomes, was confirmed in the present study for rat spleen and brain microsomes (Fig. 3B) . However, for mouse, QC-282 was less potent (IC 50 ) and significantly (p < 0.05) less effective (EA res ) as an inhibitor of HO activity in both spleen and brain microsomes of mouse as compared to rat (Fig. 3B ).
HO-1 Selective Inhibitors QC-220 and QC-291 Were Less Effective in Mouse
Microsomes. The selective inhibition of HO-1 activity by two imidazole derivatives, QC-220 D r a f t 13 and QC-291, was confirmed in the present study, whereby for both compounds IC 50 and EA res were significantly (p < 0.05) smaller for rat spleen than for rat brain microsomes (Fig. 4) . These results were indicative of an increase of inhibitory potency and efficacy of QC-220 and QC-291 on HO activity in rat spleen microsomes. For the mouse, there did not appear to be selective inhibition of HO activity in spleen microsomes compared with brain microsomes by QC-220 or QC-291, as for the most part, both compounds were similarly effective between mouse spleen and brain microsomes. Comparing between the two species, it was found that based on IC 50 and EA res , the HO-1 selective inhibitors QC-220 and QC-291 were less potent and less effective inhibitors of HO activity in mouse spleen compared to rat spleen microsomes (Fig. 4) .
HO-2 Selective Inhibitors Were Similarly Effective in Rat and Mouse Microsomes.
QC-2350 and QC-2356 are benzimidazole derivatives that were previously characterized as HO-2 selective inhibitors using rat tissue microsomes. This was confirmed in the present study, whereby for both compounds the IC 50 and EA res for rat brain microsomes were smaller compared to rat spleen microsomes (Fig. 5) The hypothesis addressed in the present study was that selected imidazole and benzimidazole inhibitors of HO would inhibit enzymatic activity of HO in spleen and brain microsomes obtained from rats and mice in a similar manner. This was based on the amino acid sequence homology between rat and mouse being greater than 80% for HO-1 (Rotenburg and Maines 1991; Maines 1997) and 95% for HO-2 (Matsumoto et al. 1996) , and that the catalytic core of both HO isozymes from rat and mouse contain a highly conserved 24-amino acid segment (Rotenburg and Maines 1991, Matsumoto et al. 1996) . Furthermore, inhibition of HO activity by the metalloporphyrin CrMP was similar between spleen and brain preparations from both rats and mice, as previously observed (Kinobe et al. 2006; Wong et al. 2011) . With regards to the azole-based inhibitors of HO, observations made with QC-2350 and QC-2356 supported the hypothesis in that these drugs selectively inhibited brain microsomal HO activity, while having little effect on that of spleen microsomes of both rat and mouse. This was consistent with the classification of these drugs as HO-2 selective inhibitors.
Conversely, the observations made with QC-220, QC-291 and QC-282 were not as predicted by the hypothesis. In the case of QC-220 and QC-291, originally classified as HO-1 selective inhibitors, the inhibition of HO activity by these compounds was less potent and less effective in mouse spleen microsomes compared to rat spleen microsomes; for QC-282, originally classified as a non-selective inhibitor of HO, the inhibition of HO activity by this compound in both spleen and brain microsomes of mouse was less potent and less effective than that for comparable rat microsomes. These observations clearly did not support the hypothesis and the reason for this difference between species is difficult to explain considering the high degree of homology of the HO enzymes, particularly at the conserved catalytic core (Rotenburg and Maines 1991; Matsumoto et al. 1996; Maines 1997) . Furthermore, the non-competitive mechanism for inhibition of rat HO activity by our azole-based compounds, and the manner in which these compounds bind to the heme-HO complex (Rahman et al. 2008) , would be more predictive of 100% inhibition rather than significantly less as shown in Fig. 3B and Fig. 4 . It was expected that the maximum extent of inhibition of HO activity would be similar in rat and mouse spleen and brain microsomes, although not necessarily at the same drug concentrations.
These observations do not appear to be explained by the relative quantities of HO-1 and HO-2 protein determined by western blotting. The lesser effectiveness of the HO-1 selective inhibitors QC-220 and QC-291 in inhibiting mouse spleen compared to rat spleen HO activity was not consistent with the greater relative quantity of HO-1 protein in both mouse and rat spleen microsomes. Also inconsistent was the selective inhibition of HO activity in mouse brain compared to mouse spleen microsomes by the HO-2 selective inhibitors QC-2350 and QC-2356 even though the relative quantity of HO-1 and HO-2 protein in mouse brain microsomes was similar.
The lesser effectiveness of QC-282 against mouse microsomes raises a practical concern when considering applications in which extensive inhibition of both HO isozymes is desired in mice or other mammalian species. A similar concern was raised in the case of QC-220 and QC-291, wherein the extent of inhibition of HO activity in mouse spleen microsomes was substantially lower than that of the rat; which in turn resulted in no selective inhibition of mouse spleen microsomal HO activity compared to mouse brain microsomes.
After considering the problems identified through the use of microsomal preparations of HO, one might ask the question, "Why not dispense with microsomes completely and conduct all these experiments using recombinant enzymes, which are pure and not subject to the complexity of microsomes?" A major reason for retaining microsomes as a biological model for studying heme oxygenases is that microsomal enzymes are largely bound to cell membranes, usually by virtue of a hydrophobic tail embedded in a lipophilic membrane. Thus, microsomes may retain these enzymes in a milieu that is more representative of that found in living cells. One of the drugs synthesized by our team, QC-15, was originally identified as a HO-1 selective inhibitor using rat spleen and brain microsomes, (Kinobe et al. 2006, compound III; Vlahakis et al. 2006, compound 5) . When this drug was tested against recombinant HO-1 and HO-2 protein from rat (Sugishima et al. 2007) and human (Vukomanovic et al. 2010) , it was found not to be selective for HO-1; nevertheless it should be noted that these recombinant forms of HO were truncated, which favours the crystal formation necessary for x-ray analysis. Furthermore, QC-15 inhibition of HO activity was less effective in human recombinant HO-1 compared to rat spleen microsomal HO activity; accordingly 10 µM QC-15 inhibited HO activity 34 ± 1.7% and 74 ± 1.4% of control, respectively (Vukomanovic et al. 2010) . We interpret such differences as indicating that the lipid milieu of microsomal membranes affects the interaction of the embedded D r a f t
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HO with drugs such as inhibitors. In this case, the presence of lipid membranes appears to enhance inhibition of HO-1 in rat spleen microsomes. Huber et al. (2009) have reported a similar critical importance of membrane lipids; in their case they found that the maximum enzyme activity of recombinant full-length HO-1 was increased by 3-fold when the enzyme preparation was pre-incubated with phospholipids.
In conclusion, the inhibitory profile for the azole-based inhibitors of HO studied herein was not consistent between spleen and brain microsomes from a breast cancer-implanted mouse as compared to an untreated rat. This serves to remind us of the caveat to consider interspecies differences in drug response when designing an experiment. Therefore, it is important to test the effects of azole-based inhibitors on CO formation using homogenates or microsomes of the proposed experimental model before proceeding with a full study. Not Detectable, concentration curve did cross 50% of control activity by a concentration of 100 µM compound. * p < 0.05 compared with rat spleen, † p < 0.05 compared with rat brain and ‡ p < 0.05 compared with mouse spleen. 
